To examine interactions between physical activity and possibly functional variants of the genes encoding uncoupling proteins À2 and À3 in relation to body weight change. We hypothesize that physical inactivity acts synergistically with a 45 bp insertion variant in the 3 0 untranslated region (3 0 UTR) of the UCP2-gene and with a t-allele of codon À55 in the promoter of the UCP3-gene in relation to subsequent weight change. DESIGN: Population-based longitudinal study of cohorts of juvenile obese and nonobese men, who were identified at the mandatory draft board examination in Copenhagen and adjacent regions at a median age of 19 y in 1943-77 and later examined at general health surveys in 1981-83 and 1991-93. The juvenile obese cohort included 568 men who at the draft board had a BMI Z31 kg/m 2 and the cohort of controls included 717 randomly selected draftees. MEASUREMENTS: Height and weight were measured, and information about physical activity was collected from a selfadministered questionnaire. The genotyping of the polymorphisms was performed using RFLP techniques. The main outcome measure was change in BMI during the 10-y follow-up period. Additional outcome measures were obesity, waist circumference and body fat mass index measured at follow-up. RESULTS: Physical activity, the 3 0 UTR insertion polymorphism and the À55 c/t polymorphism were not consistently associated with changes in BMI, and there were no evidence for interactions between the UCP-variants and physical activity in relation to changes in BMI. No evidence for interaction between the UCP-variants and physical activity was found in relation to the additional obesity measures. CONCLUSION: This study does not support that interactions between physical activity and variants in the UCP2-or UCP3-gene are major determinants of subsequent weight changes in Danish Caucasian men.
Introduction
Family, adoption and twin studies have shown that obesity is under strong genetic influence. 1 On the other hand, there is no doubt that environmental factors also influence the development obesity. 2 Such findings suggest that obesity is the result of interaction between genetic predispositions and environmental influences, although the specific evidence for gene-environment interactions has been elusive. [3] [4] [5] Physical inactivity is a behaviour, which is dependent on the environment, and is assumed to play an important role in the pathogenesis of obesity. Several cross-sectional studies have shown an inverse relationship between physical activity and obesity measures, but the results of prospective studies of the relationship are inconsistent. [6] [7] [8] [9] Uncoupling proteins 2 and 3 uncouple the oxidative phosphorylation by increasing the proton conductance of the inner mitochondrial membrane, leading to heat production rather than energy storage. [10] [11] [12] The genes encoding these proteins, UCP2 and UCP3, are therefore considered as candidate genes for obesity, because loss of function mutations in these genes are predicted to cause obesity. 11 A 45 bp insertion polymorphism is present in the 3 0 untranslated region (3 0 UTR) of the UCP2-gene. 11, 13 The insertion genotype has been associated with increased BMI in some, 14, 15 but not in other populations. 13, 16, 17 Some investigators have suggested a functional role of the insertion variant, because it decreases UCP2 mRNA expression, 17 while others failed to show an altered function of the variant. 14 Associations between a À55 c/t polymorphism in the UCP3 promoter and BMI have been reported, 18, 19 while other studies find no association. 14, 15, [20] [21] [22] A functional role of the variant has been suggested, because skeletal muscle UCP3 mRNA expression has been reported higher in males, who are hetero-and homozygous for the t-allele compared to males who are homozygous for the c-allele. 20 A relation between physical activity and UCP-gene expression has been indicated. 19, 23, 24 One study found that physical activity downregulates UCP expression, thereby making physically active people more energy efficient. 23 This is in line with a Danish study, where subjects with a val/ val variant in codon 55 of UCP2 had lower 24-h energy expenditure and higher energy efficiency during physical activity than subjects with the ala/val variant. In this study, it was hypothesized that a high-energy efficiency in val/valgenotypes during exercise could lead to a high level of activity, and thereby counteract their genetic susceptibility for obesity. 24 Such counteracting effects could minimize the possibility of detecting associations between the UCP-variants and obesity in studies where the influence of physical activity is not considered. This view is supported by a French crosssectional study, which found an interaction between selfreported physical activity and the À55 c/t polymorphism in the UCP3 promoter in relation to BMI. In this study, morbidly obese À55 c/c genotype carriers were the only subjects in whom BMI was inversely associated with physical activity. 19 Therefore, we investigated if associations between the UCP2 and UCP3-genotypes and weight changes were dependent on the level of physical activity on the basis of the hypothesis that physical inactivity and a decreased function of the UCP-genes act synergistically in the pathogenesis of weight gain. We examined the interaction between leisure time physical activity and the 3 0 UTR insertion variant of the UCP2-gene and the À55 c/t variant of the UCP3-gene, respectively, in relation to changes in BMI in a cohort of juvenile obese men and a cohort of randomly sampled controls during a 10-y follow-up. In addition, we examined these interactions in relation to other obesity measures: BMI Z30 (kg/m 2 ), waist circumference (cm) and body fat mass index (BFMI) (kg fat/m 2 ) at follow-up.
Methods

Study population
The study population was comprised of Danish men examined at the mandatory draft board examination in Copenhagen and surrounding counties from 1943 to 1977. Two groups were selected at the draft board examination: a group of men with juvenile onset obesity and a nonobese control group. All men with a BMI Z31 kg/m 2 (corresponding to 35% overweight according to a national standard in use when the obese sample was identified) at draft board were included in the juvenile obese group. The nonobese control group was selected as an approximately 1% random sample of all men at draft board examination in the same region and time period, from which those with BMI Z31 kg/ m 2 were excluded. All men in the juvenile obese group and half of the control subjects, who were alive and still residing within the same region, were invited to participate in two general health surveys conducted by the second Copenhagen City Heart Study in 1981-83 (CCHS-81), and the third Copenhagen City Heart Study in 1991-93 (CCHS-91).
Follow-up studies (CCHS-81 and CCHS-91)
In CCHS-81, 964 men from the juvenile obese group and 1135 control subjects participated, and in CCHS-91, 791 from the juvenile obese group and 918 from the control group participated. The present study has baseline at CCHS-81 and follow-up at CCHS-91, and was performed separately in the juvenile obese and control group. At both surveys, height and weight were measured, blood samples were drawn and information about physical activity was obtained from a self-administered questionnaire. At CCHS-91 bioimpedance and waist circumference were also measured. Details of the study design and methods have been published elsewhere. 25 Height was measured without shoes, to the nearest half centimetre, and body weight was measured to the nearest decimal in kilograms in light indoor clothing and without shoes. BMI was calculated as the weight (kg) per height squared (m 2 ), and change in BMI was calculated as (BMI at CCHS-91ÀBMI at CCHS-81) (kg/m 2 ).
Obesity at follow-up was defined as BMI Z30 kg/m 2 . Waist circumference (cm) was measured at the level of umbilicus with the subject standing without clothes and with relaxed breathing. Body fat mass (kg) was calculated from the bioimpedance measure by a sex-specific algorithm defined by Heitmann. 26 A body fat mass index (BFMI) (kg/m 2 ) was calculated as fat mass (kg) per height squared (m 2 ). Genomic DNA was obtained from blood samples drawn at CCHS-91. Genotyping of the 3 0 UTR insertion/deletion (ID) polymorphism in the UCP2-gene and genotyping of the À55 c/t polymorphism in the 5 0 region of the UCP3-gene were carried out using PCR-RFLP as described previously. 13, 22 The UCP2-and UCP3-genotypes were shown to be in HardyWeinberg equilibrium. 13, 22 Genotypes were categorized as:
Interaction between physical activity and uncoupling protein genes T Berentzen et al types, (3) insertion/insertion (II) genotypes; UCP3F(1) À55 c/c genotypes, (2) À55 c/t genotypes, (3) À55 t/t genotypes. The group of II genotypes and the group of À55 t/t genotypes were small, and were merged with the groups of ID genotypes and À55 c/t genotypes, respectively. Our main analyses are based on these merged groups, and we thereby assume that the c-and deletion-allele are recessive or at least codominant. However, this mode of inheritance is not confirmed in the literature. 11 Therefore, a categorization with DD, ID and II genotypes kept separate and with À55 c/c, À55 c/t and À55 t/t genotypes kept separate, assuming no mode of inheritance, was used in additional analysis. Furthermore, a categorization with ID and DD genotypes merged, and with À55 c/t and À55 c/c genotypes merged, assuming that the c-and deletion-allele are dominant, was used in additional analysis. Physical activity in leisure time at CCHS-81 was graded in four levels based on a questionnaire developed by Saltin and Grimby: 27 (1) inactivity: none or less than 2 h of exercise per week; (2) moderate activity: 2-4 h of light exercise per week, (3) high activity: 2-4 h of moderate exercise per week and (4) very high activity: more than 4 h of exercise per week. The utility of this questionnaire-based assessment of physical activity has recently been thoroughly discussed. 8, 9 In this study, the group of level 4 was small, and it was therefore merged with the group of level 3 in our main analyses. Additional analyses were carried out with the four activity groups kept separate. Age at CCHS-81 was included as a categorical variable: (1) 20-29 y, (2) 30-39 y and (3) 40-60 y.
We excluded all men for whom information on weight, height, age, genomic DNA or physical activity were not available. Complete information was then available in a sample of 717 controls and 568 juvenile obese subjects.
Statistical analysis w
2 tests were used to analyse whether the level of physical activity and the UCP-genotypes differed between controls and juvenile obese subjects. A w 2 test was also used to analyse if the level of physical activity was associated with UCP2-or UCP3-genotypes. Linear regression models were used to analyse, if interactions between the UCP-genotypes and physical activity in leisure time were associated with change in BMI from CCHS-81 to CCHS-91. All analyses were performed separately for the UCP2 and UCP3-genotypes, in the control and juvenile obese group, respectively. A first series of models included physical activity, UCP-genotype and age as categorical factors. A second series of models included physical activity, UCP-genotype and age as categorical factors and the interaction between physical activity and UCP-genotype. We checked the fit of the models to the data by examining the standardized residuals of each model. All residual plots showed no serious indication of systematic residual variation, and the probit-plots were close to straight lines. Log transformation of change in BMI improved all plots, but implied no changes in parameter estimates compared to the models on the original scale. We thus concluded that all models seemed to satisfy the model requirements.
In addition, linear regression analyses with waist circumference and BFMI at follow-up as outcome were performed. These linear regression models were similar to those with change in BMI as outcome, although BMI at CCHS-81 was included as a continuous factor in the analyses with BFMI and waist as outcome. Furthermore, logistic regression was used to analyse whether interactions between the UCPgenotypes and physical activity in leisure time were associated with obesity at follow-up, defined as BMI Z30 kg/m 2 . These models were constructed similarly to those with waist circumference and BFMI as outcome.
We also analysed if interactions between the UCP-genotypes and physical activity in leisure time were associated with BMI in a cross-sectional design. These linear regression models were similar to those with change in BMI as outcome, although with BMI at CCHS-81 as outcome.
Finally, we compared the BMI distribution at CCHS-81 between those who remained in the study and those who dropped out in the follow-up period. This was carried out separately in the juvenile obese and control group.
All analyses were carried out using Statistical Package for Social Science (SPSS) for Windows version 11.0. Table 1 shows the distribution of age, BMI, physical activity in leisure time and the UCP-genotypes in the control and juvenile obese group, respectively. Few men were inactive in leisure time, although more juvenile obese than control subjects were inactive (Table 1) . No differences in genotype frequencies were observed significant among the control and juvenile obese group (Table 1) . No significant difference in the level of physical activity was found between the UCP2-or UCP3-genotypes in the juvenile obese or control group (Table 2) . Furthermore, no significant difference in the level of physical activity was found between the three age groups, although the youngest group was slightly more active (data not shown).
Results
The linear regression analyses showed no significant difference between the UCP2-genotypes considering change in BMI from CCHS-81 to CCHS-91, when adjusted for age and physical activity. This was the case in both the control and juvenile obese group (Table 3) . There was no consistent association across the level of physical activity in leisure time and changes in BMI, when adjusted for age and UCP2-genotypes, although the greatest increase in BMI was found in the group of men with the highest level of physical activity in both the control and juvenile obese group (Table 3) . Furthermore, there was no significant difference between the three age groups considering change in BMI, Interaction between physical activity and uncoupling protein genes T Berentzen et al although the greatest increase in BMI occurred among the youngest men in both the control and juvenile obese group (data not shown).
No interaction between the UCP2-genotype and physical activity in relation to change in BMI was found in the juvenile obese or control group (Table 3) . Introducing the interaction in the linear regression model led to no significant improvement of the fit of the model. We thus concluded that there was no evidence of an interaction between the UCP2-genotype and physical activity in relation to change in BMI from CCHS-81 to CCHS-91 (Table 3) .
The results from the linear regression analysis of the UCP3-genotype, physical activity, and the interaction between the UCP3-genotype and physical activity in relation to change in BMI from CCHS-81 to CCHS-91 were similar to the UCP2 results in both the control and obese group ( Table 4) .
The analyses of the additional obesity measures showed no interactions between physical activity and UCP2-and UCP3-genotypes in relation to waist, BFMI or obesity at follow-up (BMI Z30 kg/m 2 ) (data not shown). Furthermore, the crosssectional analysis showed no interactions between physical activity and UCP-genotypes in relation to BMI (data not shown).
In the presented results, II and ID UCP2-genotypes as well as À55 t/t and À55 c/t UCP3-genotypes were merged. However, analysis with II and ID and with À55 t/t and À55 c/t kept separate, as well as analysis with ID and DD and À55 c/t and À55 c/c genotypes merged, revealed results similar to those shown in Tables 2 and 3 (data not shown) . Furthermore, analysis with active and very active subjects kept separate also revealed results similar to those shown in Tables 2 and 3 (data not shown).
The BMI at CCHS-81 was quite similar between controls who remained in the study (mean BMI 24.7 kg/m 
Discussion
We have examined whether interactions between the UCPgenotypes and physical activity were associated with changes in BMI during a 10-y follow-up period in two samples of Danish men. Physical activity, UCP2-and UCP3-genotypes were not consistently associated with changes in BMI, and we found no evidence of an interaction between the UCP-genotypes and physical activity in relation to change in BMI. Furthermore, we found no evidence of interactions between the UCP-genotypes and physical activity in relation to BMI Z30 (kg/m 2 ), waist circumference (cm) and BFMI (kg/m 2 ) measured at follow-up. The literature of the relationship between physical activity and risk of later obesity has recently been reviewed, 6, 7 as has the literature of genetic variation of uncoupling proteins in relation to diabetes and obesity. 11 Our finding of no consistent association between baseline physical activity Interaction between physical activity and uncoupling protein genes T Berentzen et al and change in BMI, and no association between the UCP2-and UCP3-genotypes and change in BMI, is compatible with the conclusions in these reviews. 6, 7, 11 When neither physical activity nor UCP-genotypes were consistently associated with change in BMI, an interaction between physical activity and the UCP-genotypes seems unlikely. However, the focus of this study was that an interaction could be the reason for the absence of these associations, because of counteracting balanced effects between physical activity and the UCPgenes in relation to subsequent BMI changes. Such interacting effects could limit a detectable association to BMI change to a subset of particular susceptible individuals, but this was not the case in our data. In contrast to our results, a cross-sectional study of a morbidly obese French population showed an interaction between physical activity and the À55 c/t variant of the UCP3-gene in relation to BMI. The study showed an inverse relation between physical activity and BMI for c/c genotypes, but no association between physical activity and BMI for t/c and t/t genotypes. 19 The discrepancy between our study and the French results may in part be explained by the facts that the French study included mainly women who all were Interaction between physical activity and uncoupling protein genes T Berentzen et al morbidly obese, and our study consisted exclusively of men with a broader range of obesity. An interaction between the UCP3-genotype and physical activity in relation to BMI could be gender specific, although the French study does not report an effect of gender. Furthermore, there might be different impacts of physical activity on obesity in a cross-sectional study compared to a prospective one. This interpretation is supported by findings of a clear inverse relationship between physical activity and obesity in cross-sectional studies, while prospective studies of the relation are inconsistent.
6-9 However, we found no interaction between physical activity and the investigated UCP-genotypes in relation to BMI when we examined the association cross-sectionally. Another reason for the discrepancy between our and the French results could be a type I error in the French study or a type II error in our study. With a conservative calculation, we expect that our data with a probability of 95% would capture an interaction resulting in a difference of 1.1 BMI change (kg/ m 2 ) and 3.1 BMI change (kg/m 2 ) between the active À55 c/c genotypes and inactive À55 t/t and c/t genotypes, in the control and juvenile obese groups, respectively. The reported interaction in the French study resulted in a BMI difference of 4.5 kg/m 2 between the inactive and active À55 c/c
genotypes. An important question is if our failure to find interactions is due to a crude measurement of physical activity. However, the questionnaire-based assessment of physical activity correlates reasonably well with maximal oxygen uptake, 28 and is inversely correlated with BMI in cross-sectional studies. 8, 9 Furthermore, earlier studies using the same measurement of activity have shown a strong predictive value in relation to total mortality and cardiovascular disease, 29, 30 but not to obesity. 8, 9 However, a high BMI has a strong predictive value to later self-reported inactivity. 8, 9 Therefore, we expect that the physical activity measure would capture interactions with UCP-genotypes and their relation to later obesity, if they had existed in our data. Another important question is if our failure to find interactions is due to nonfunctionality of our chosen UCP2-and UCP3-gene variants. Some studies have shown an effect of the variants on mRNA expression, 17, 20 while other investigators failed to show differences. 14 However, before questions about functionality can be answered properly, more studies are needed to elucidate whether the variants affect mRNA expression and especially whether the variants affect specific protein content or activity. A concern with the study is that we do not have dietary data available. However, if we had dietary data, we might still not be able to take the energy intake into account in a proper manner. It is suggested that the difference in caloric intake between a weight gaining and a weight stable phase is so small that it cannot be observed by measuring energy intake and energy output. We therefore stress that the focus on physical inactivity as a risk factor for obesity is also based on other regulatory metabolic effects of physical activity in relation to obesity than the energy balance equation alone as suggested in a recent review. 7 Another concern with the study is that the follow-up design may have introduced selection bias in the results. However, the difference in BMI at CCHS-81 between those who dropped out in the follow-up period and those who remained in the study were modest, which reassures, but do not exclude bias.
In conclusion, interactions between physical activity in leisure time and variants in the UCP-2-or UCP-3-genes have no major influence on subsequent weight changes in Danish Caucasian men.
